occurring in GA 3 receptor and signaling pathways. For instance, dw6 and dw7 from oat (Avena sativa L.) (Federizzi, 1986) , rht4 to rht10 from wheat (Gale and Youssefi an, 1985) , and sd1 from rice (Mitsunaga et al., 1994) are sensitive to GA 3 at the seedling stage, but Rht-B1b and Rht-D1b from wheat (Gale, 1979; Gale and Marshall, 1975) are insensitive to GA 3 treatment. Gibberellic acid-sensitivity analyses have become essential for identifi cation and further studies on dwarfi ng genes.
Dwarf mutants have been extensively studied in many grass crops (Phinney, 1983; Federizzi, 1986; Gale and Youssefi an, 1985; Mitsunaga et al., 1994) yet in foxtail millet [Setaria italica (L.) P. Beauv.] (Paniceae, Panicoideae), one of the oldest cereal crops in China and Eurasia, there have been only two investigations. One of these was on the eff ects of gibberellins on fl owering (Kumar et al., 1977) while the other was on development (Chen et al., 1998) . Foxtail millet is still grown as a staple cereal in China and other Asian countries, and many dwarf mutant lines have been identifi ed and developed in foxtail millet breeding programs (Ratnaswamy and Dhanaraj, 1961; Yao and Liang, 1990; Li and Diao, 1994; Gao et al., 2003) . However, these have rarely been analyzed for their response to GA 3 treatment, which hinders their utility in cultivar breeding and genetic studies. We investigated the sensitivities of dwarf foxtail millet lines to GA 3 by observation of several characteristics at the seedling stage in this study so as to identify and reveal valuable dwarf resources for foxtail millet breeding and to contribute to an understanding of the mechanisms underlying dwarfi sm in plants.
MATERIALS AND METHODS

Dwarf Lines Used in This Trial
In the past 20 yr we have collected dwarf mutant lines from diff erent breeding programs in China and have selfed these multiple times to generate homozygous lines. Their phenotype was tested by growth trials in multiple locations over several years to confi rm that they were truly dwarf mutants. Fortyeight dwarf homozygous lines were used in this experiment and their origin and/or collecting locality are listed in Table 1. All these lines are kept in the Institute of Crop Science, Chinese Academy of Agricultural Sciences, the Institute of Millet Crops, Hebei Academy of Agricultural and Forestry Sciences, and/or the Chinese Gene Bank in Beijing.
Plant Growth and Sample Measurements
Seeds were sterilized by soaking in 75% alcohol for 5 min followed by three washes in double distilled H 2 O (ddH 2 O). After soaking in ddH 2 O for 24 h at 25°C, seeds were germinated on fi lter paper in containers for 24 h. For each line, 50 germinated seeds were transplanted into each of two petri dishes fi lled with sterilized sand (Gale and Marshall, 1973; Gale and Gregory, 1977) . Aliquots of 10 mL GA 3 (Genview) solution (dissolved using ddH 2 O, pH = 6) with concentrations of 0, 10, 30, 50, or 100 mg kg -1 were added to the pairs of petri dishes, respectively.
After this, plants were cultivated at 25°C under long day illumination (14/10 h day/night) in an incubator. Five milliliters H 2 O were added to each petri dish each day until trait measurement. At the stage of emergence of the fi rst true leaf for each collected dwarfi ng line, 10 plants for each line under each treatment were randomly selected for measurement. Lengths of the seedling, the fi rst complete leaf, mesocoty1, coleoptile, and root were all measured manually using a straight rule. Ten plants were measured from each of the pairs of petri dishes (20 plants total).
Data Analysis
Data were analyzed in SPSS (IBM Corporation, 2009 ). Least square means were calculated and percentage length change (PLC) from the control (no GA 3 added) was calculated as follows:
. Maximum percentage length change (MPLC) was defi ned as the largest deviation measured as percent change from the control.
Principal component analysis was performed to identify factors underlying the measured traits using means for each line for each GA 3 concentration. Extraction was based on a correlation matrix and factors that had eigenvalues greater than 1 were evaluated. Both unrotated and rotated (via Varimax [Kaiser, 1958] ) solutions were examined to identify high trait loadings on each of the signifi cant factors.
Hierarchical clustering analysis was performed to characterize GA 3 responses among varieties and organs measured in this research by the unweighted pair-group method with arithmetic means (UPGMA) method using ClusterProject version 1.0 (Pan and Zhu, 2005; Pan et al., 2004) .
RESULTS
Seedling Length
Almost all the lines tested showed sensitivity to GA 3 for seedling length except for lines 84133chunhe and Xianai ( Fig. 1 ; Supplemental Table S1 ). These two lines displayed no diff erence in seedling length at any concentration of GA 3 treatment. The reaction of other lines showed proportional responses to concentration diff erences (Fig. 2) . The most sensitive lines had PLCs of more than 150% including Anai15, Huzaogu 1, Jinfenai 5, Zhishi 897, and C193. Eighteen lines displayed PLCs smaller than 50% (Supplemental Table S1 ). However, the MPLC for diff erent lines appeared at diff erent concentrations of GA 3 . The biggest increase of seedling length of Aixie 1 and 14 other lines appeared at 10 mg kg -1 treatment, but for Chiai 9 and 12 other lines the MPLC was at 30 mg kg , indicating that complex reactions to GA 3 exist in these foxtail millet dwarf lines (Supplemental Fig. S1 and S2).
Leaf
Leaf lengths of fi ve lines were insensitive to GA 3 treatment. These lines, 84133chunhe, Aifeng1, Xianai, Daqingjie, and Yanai2, also included the two insensitive mutants in seedling length mentioned above. Most lines showed a positive including Aixie 1, had their MPLC at 10 mg kg -1 GA 3 concentration, 10 lines at 30 mg kg -1 , 12 lines at 50 mg kg -1 , and fi ve lines at 100 mg kg -1 (Supplemental Table S2 ; Fig.  1 and 2). The leaf length of Jinfenai 4 was positively sensitive at 10 mg kg -1 with a length increase of nearly 20%, but it showed a negative response when GA 3 concentration increased to 30 mg kg -1 and above. The leaf length of Ai 88 displayed no reaction to GA 3 at concentrations from 10 to 50 mg kg -1 , but it gave a negative response when GA 3 reached 100 mg kg -1 (Supplemental Table S2 ).
Mesocoty1
The mesocotyl growth of 84133chunhe and Xianai is insensitive to GA 3 at any concentration. Other lines signifi cantly increased their mesocotyl lengths by various amounts, except for line Yan035, which displayed a positive response at 10 to 50 mg kg -1 GA 3 concentrations, but a negative response when GA 3 concentration reached 100 mg kg -1 ( Fig. 2 ; Supplemental Table S3 ). Eight lines increased their mesocotyl length by more than 150% with the largest being 295.7% for Hucaogu 1. Twenty-six lines showed mesocotyl length increases of 50 to 150% while the other 14 lines had mesocotyl length increases of less than 50% ( 
Coleoptile
No signifi cant responses for coleoptile length to GA 3 at any concentration were detected in three lines: 84133chunhe, Xianai, and Ai 88. Other lines showed signifi cantly increased coleoptile lengths under GA 3 treatments. Two lines, Jinfenai 5 and Anai 8, had MPLCs exceeding 200%.
reaction to GA 3 treatments, increasing leaf length diff erent amounts in the diff erent treatments. Zhishi 897 and 10 other lines increased their leaf length more than 100%, nine lines increased leaf length by 50 to 100%, and all 32 others had increases less than 50% (Supplemental Table S2 ).
As with the seedling data, diff erent lines had MPLCs for leaf length at diff erent concentrations of GA 3 . Fifteen lines, Three lines, Anai 15, Huzaogu 1, and C193, had MPLCs between 150 and 200%. Chiai 9, Aiganzhuyeqing 4n, Zhishi 897, and three other lines had MPLCs between 100 and 150%. Twenty-three lines including Kuan 9, Jiai 5, and Jiai 9 had MPLCs between 50 and 100% (Supplemental Table  S4 ). Nine lines such as Honggu 1, Honggu 2, and Jiai 6 had MPLCs that were less than 50% than the control lines. Different lines had MPLCs at diff erent concentrations of GA 3 for coleoptile length (Supplemental Fig. S1 and S2).
Root
With the four concentrations of GA 3 in this experiment, 14 lines including Honggu 1, Jiai 9, Jinfenai 6, Aininghuan, and Yanai 2 showing no responses. For the other lines, fi ve lines showed positive and 29 showed negative responses to GA 3 ( Fig. 2 ; Supplemental Table S5 ). Among sensitive lines detected by root length, only Aigan 2 had an MPLC over 100%. Four lines, Huzaogu 1, Anai 17, Yanai 1, and Xiaoyeguzi, had MPLCs between 50 and 100%. Five lines, Jiai 6, Jinfenai 4, Aigan 27-21, Zhishi 897, and Anai 3, had MPLCs less than 50%. Twenty-four lines, including Anai 15, Honggu 2, and Chiai 9, had MPLCs that were negative, with Yan 029 and Xiaoyeguzi having MPLCs of -53.73 and -65.23%, respectively. Different lines showed their MPLCs at diff erent concentrations of GA 3 (Supplemental Fig. S1 and S2 ).
Gibberellic Acid 3 Concentration Distribution for Maximum Percentage Length Changes of Different Organs
There was variation across all lines tested for the GA 3 concentration that gave the greatest response ( Fig. 2 ; Supplemental Fig. S1 ). Diff erent organs responded to the various . Red color, positive reaction; green color, negative reaction; range is in percentage difference from control.
GA 3 concentrations diff erently, as can be seen in the distribution of MPLCs for lines at diff erent concentrations of GA 3 (Supplemental Fig. S1 and S2 ). For seedling, leaf, and mesocotyl, most lines have their MPLCs at GA 3 concentrations between 10 and 50 mg kg -1 , which implies that those young organs are sensitive to GA 3 . For the coleoptile, most lines displayed their MPLCs at GA 3 concentration of 50 mg kg -1 . In the root, most lines showed their MPLCs at a GA 3 concentration from 50 to 100 mg kg -1 . The above ground and below ground plant parts showed very diff erent responses to application of GA 3 , both in size and direction of eff ect. In general root lengths were shortened by the application of GA 3 while shoot lengths were increased (Fig.  2) . Relative increases or decreases across the lines were not uniform, as seen in, for example, line 44 (Dungu), in which there is relatively little change in seedling length, more in mesocotyl length, and most change in root length (Fig. 2) .
Distribution of Maximum Percentage Length Changes for Organs Measured
With regard to the response of dwarf lines to GA 3 treatment, the number of lines with diff erent MPLCs varied between the organs (Supplemental Fig. S1 and S2). For seedling length, most lines had MPLCs between 0 and 100%, for leaf length most MPLCs were found between 0 and 50%, for mesocotyl length MPLCs were distributed equally between 0 and 150%, with only a few lines having MPLCs between 150 and 200%, for coleoptile length, most MPLCs were found between 50 and 100%, and for root length, most MPLCs were found between -50 and 0%.
Similarity Trends among Accessions and Organs
Four cultivars were distinguished from other lines according to of the similarities of their PLCs; they were Aixie1, Anai8, 84133chunhe, and Jinfenai (Fig. 2) . Several lines from the same breeding program were detected with similar responses to GA3; they were Aiganzhuyeqing and Aifeng1 (both from program 4); Jiai9, Jiai11, and Jiai12 (all from program 5); Chuang119-11 and 05-461 (both from program 4); Aininghuang and Daqingjie (both from program 4); and Baimigu and Dungu (both from program 4). Diff erences between organs were also apparent, with root length consistently showing trends diff erent to the above ground organs. Seedling and mesocotyl lengths were most closely related to each other for all 48 cultivars followed by leaf and coleoptile.
Principal Components Analysis of Length Change
Six components were identifi ed that had eigenvalues greater than 1 (Table 2 ). Rotated and unrotated solutions were similar. The fi rst two components diff erentiate the shoot and root, with the fi rst component having high trait loadings for seedling length and mesocotyl length and the second high trait loadings for root length. These results indicate that the shoot and root respond quite diff erently to application of GA 3 , as also seen in the percent length changes illustrated in the heat maps (Fig. 2) . The third component appears to refl ect shoot length variables (seedling, mesocotyl, and leaf ) for the dwarf mutants without application of GA 3 . The fourth component concerns leaf width under the more dilute GA 3 concentrations, the fi fth concerns leaf length and width at 50 mg kg -1 , and the sixth concerns leaf length and width at 100 mg kg -1 .
DISCUSSION
Sensitivity of Foxtail Millet Dwarf Lines to Gibberellic Acid 3
In general, a majority of foxtail millet dwarf lines were sensitive to GA 3 , with only two lines being insensitive to GA 3 treatments for all traits measured (Table 3) . These fi ndings are consistent with studies in maize, wheat, barley (Hordeum vulgare L.), grape (Vitis vinifera L.), rice, and Arabidopsis thaliana (L.) Heynh., in which dwarf mutants are also divided into sensitive and insensitive types for GA 3 treatments, with most mutants being sensitive (Sun and Gubler, 2004) . Previous research has shown that GA 3 -sensitive mutants are generally caused by mutations in the pathways involved in GA biosynthesis. Gibberellin synthesis involves a long and complicated molecular pathway and more synthetases are necessary than in the pathways producing the GA receptor and further signal transference (Peng et al., 1999) . Most of the mutants in the gibberellin synthesis pathway are recessive compared to wild-type (Sun and Gubler, 2004) , and this is also true in foxtail millet, with GA-sensitive lines such as Anai 3, Ai 88, and Ainimghuang having been shown to be recessive (Li and Diao, 1994; Gao et al., 2003) . Most of the gibberellin insensitive lines identifi ed in crop plants are dominant compared to wild-type, and most of the mutations occurred in GA signal receptor genes or related genes such as DELLA protein related genes (Hartweck and Olszewski, 2006; Willige et al., 2007) . Two mutants, 84133chunhe and Xianai, were identifi ed as insensitive lines to GA 3 treatment in all organs investigated in this experiment and have been shown to be dominant (Yao and Liang, 1990) . This is consistent with Chen et al.'s study (1998) , which also identifi ed 84133chunhe as insensitive to GA. 84133chunhe and Xianai were collected from the same breeding program, so they may have the same dwarfi ng gene. This is similar to the situation in wheat, in which the dwarf variety contains Rht-B1b and Rht-D1b genes, which encode for a DELLA protein and act as a vital regulatory element in GA 3 signaling pathways (Peng et al., 1999) . Studies in Arabidopsis thaliana (L.) Heynh. (GAI, RGA, RGL1, and RGL2) , maize (d8), rice (SLR1), grape (VvGAI), and barley (SLN1) have also identifi ed DELLA proteins as key factors (Sun and Gubler, 2004; Sun, 2010) in plant height regulation. Therefore it is probable that the insensitive mutants identifi ed in this trial might be the result of mutations occurred in DELLA or related proteins such as those examined previously in other species. Cloning of this dominant gene is currently underway in our lab to identify whether the same gene is involved as in wheat and other plants.
Diverse Response of Different Lines and Organs to Gibberellic Acid 3
Diverse responses of diff erent organs to GA 3 were found among the diff erent lines used in this study. For seedling, leaf, mesocotyl, and coleoptile there are two, fi ve, two, and three insensitive lines respectively (Table 3) . For the sensitive lines, above ground organs' responses are almost always positive, increasing the length of those organs at relatively low GA 3 concentrations of 10 to 50 mg kg -1 , with only a few cases with negative responses when GA 3 concentration reaches 100 mg kg -1 (Fig. 2) . However, the situation for the root is quite diff erent, with 14 of the 48 lines being insensitive, and for the sensitive ones, fi ve showing positive and 29 showing negative responses. These results are also evident in the principal component analysis (PCA) analysis, with separate factors controlling length changes in above ground versus below ground organs. Gibberellic acid 3 treatments inhibiting root growth were also found in other plants (Brian 1959) , indicating that the role of GA 3 regulation for root growth may be diff erent in roots compared to leaf and other above ground organs.
For the same organ, diff erent lines showed varying degrees of responsiveness to GA 3 in our analyses; for instance, the range of PLC for seedling length is from 10.06 to 190.25% ( Fig. 2 ; Supplemental Table S1 ). Variation in PLC can also be seen in leaf, mesocotyl, and coleoptile. The synchrony of MPLCs for organs varied between diff erent dwarf lines. For instance, MPLCs of diff erent organs in Aixie 1 occurred at the same GA 3 concentration, but this was not the case for Yan 029 (Fig. 3) . Sensitivities of diff erent organs to GA 3 were distinct between lines measured in this trial. For example, the coleoptile of Ai 88 was insensitive to GA 3 , but other organs of the same line were all sensitive to GA 3 . The complex responses of dwarf foxtail millet mutants to GA 3 suggest that materials analyzed in this investigation might contain many diff erent dwarf genes and/or that the relative genetic backgrounds of those samples were diff erent. Detailed genetic, morphological, and agronomical performance study of those dwarf lines is needed before their widespread use in breeding programs.
Based on the results observed, cultivars from the same breeding program can have similar responses to GA 3 , which could be explained by germplasms from same breeding program having identical genes. However, in many cases, varieties from same program showed diff erent responses to GA 3 , implying that the dwarfi ng mechanisms detected by GA 3 result from diff erent genes. 
The Mesocotyl is the Best Organ for Gibberellic Acid-Sensitive Measurements in Foxtail Millet
According to our results, the mesocoty1 has the most sensitive response to GA 3 treatment at the seedling stage, and most MPLCs for mesocoty1 were found at 30 and 50 mg kg -1 (Supplemental Fig. S1 ). Therefore, mesocoty1 measurements at these concentrations should be a fi rst step in screening for GA 3 sensitivities of dwarf mutants in foxtail millet.
In this research, seedling characters of dwarf foxtail millet lines under GA 3 treatment were systematically analyzed. Two GA 3 insensitive and 46 sensitive dwarf foxtail millet lines were identifi ed, and the extent of the response of diff erent organs was also analyzed. These fi ndings will be important in breeding dwarfi ng and lodging-resistant foxtail millet and also in studies of the molecular mechanisms underlying dwarfi sm in other crop grasses.
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